In the present work, based on high frequency wavelet analysis of dynamic signals of mechanical systems, a multiple-resolution wavelet analysis is carried out, to the signal obtained from an accelerometer mounted on the structure of a hip prosthesis wearing test device. The prostheses employed had a femoral head made of aluminum oxide and the acetabular cup of ultra-high-molecular-weight polyethylene. The first two aluminum oxide femoral heads were coated with diamond-like carbon and a third one was tested without coating and used as a reference. The coating was carried out by triboadhesion. Tests results showed that maximum vibration amplitude reached after 32 hr for the coated prostheses was 0.2 g. The noncoated prosthesis amplitude presented was 0.75 g in the same time interval. These values were attributed to wear damage on the surface of the prostheses, indicating that thin film DLC coating caused an increase of stiffness on the surface and therefore an increase in wear resistance approximately of 314%.
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Mechanical elements such as bearings experience metal to metal contact through their life; this contact causes adherence, abrasion and fatigue, that is, wear (Harker & Sandy, 1989) . A way of reducing friction and wear in mechanical elements is through surface treatments, in particular, by the use of coatings.
As described by Toms et al. (2004) , as implants fail, host bone is lost as a result of a combination of stressshielding, osteolysis, instability, implant failure, and/or infection. This problem may be compounded by bone lost during removal of the failed implants. Substantial bone loss and bone defects are among the most challenging problems faced by surgeons performing revision surgery.
Once the hip joint is replaced, the prosthesis acts as a bearing where its surface is subjected to friction and wear. It has been three decades since Willert & Semlitsch (1977) first described the problem of polyethylene wear leading to periprosthetic inflammation, granuloma, bone resorption, and implant loosening. In 1996, Schmidt et al. (1996) stated that the largest problem in hip arthroplasty is the osteolysis. This is caused by debris formed from the wear process between the polyethylene acetabular cup of the Charnley prosthesis. At the same time, John A. Schey (1996) brought attention to the study of wear and friction behavior of joints, for different materials and lubrication conditions. Many studies can be found where wear rates have been published, for example, in normal wearing of artificial joints, linear wear rates of 0.05-0.2 mm per year result in the generation of about 25-100 mm 3 (25-100 mg) of polyethylene debris annually and an average life of 10 years.
Over the last three decades, patient profiles have changed substantially, resulting in demands for a greater service life of ultra-high-molecular-weight polyethylene (UHMWPE) hip components. Material failure, often leading to an osteolytic response, is increasingly associated with younger, more active patients. In this context, the low-friction solution has become a problem, limiting in vivo system longevity (Greenwald & Garino, 2001) . As mentioned in Rodriguez et al. (2001 Rodriguez et al. ( , 2003 , diamond-like carbon (DLC) coating by triboadhesion is an alternative to decrease friction and in consequence increase wear resistance. This is the technique employed to coat the femoral heads of the prostheses of this study.
It is commonly known that wear assessment in prostheses is typically carried out by volumetric and gravimetric methods, which, however, do not give a real-time measurement. An alternative to assess wear and other dynamical behavior of articulated joints is offered by the vibration analysis employed in machinery (Harris & Piersol, 2002) . In this analysis, fast-Fourier transform is generally employed to transform the signal to a frequency-amplitude spectrum. This spectrum is the use to evaluate the dynamic behavior. On the other hand, wavelet transform is a function that satisfies mathematical requirements, which are then used to process the signals on different scales and resolutions. Because of this, if a large scale is used, the general features of the signal will be recognized. If, however, a small scale is used, detailed information of the signal will emerge. The analysis procedure requires of a prototype function, or mother wavelet. When the mother wavelet is compressed-high frequency version-transient analysis is performed, whereas when expanding the mother wavelet-low frequency version-the analysis is focused in frequency (Stark, 2005) . These characteristics have made of wavelet analysis an interesting tool for signal processing, and therefore the variety of applications in the engineering field.
A number of mother wavelets can be found in the literature or constructed for different purposes and applications. Each has to be selected to represent closely the transient phenomena to be identified, thus depending on scale, form and resolution. In the present work, a high frequency wavelet analysis of dynamic signals is carried out. Here, the Daubechies wavelet is employed as a filter and the Morlet wavelet is used as the mother wavelet. They are then implemented in a computer program to analyze the signal obtained from the wearing device, to evaluate the magnitude of wear of the prostheses with and without DLC.
Methods
The coating was carried out by triboadhesion only in the femoral head surface of the bearing prostheses. A schematic diagram for the deposition process is shown in Figure 1 . This is composed by: 1) Rotating wheel system, 2) Force measurement system, 3) Acquisition data system and 4) Feeding system. The deposition process consists of passing the coating material through the wheel and the substrate to be coated. The wheel rotates at high velocity and exerts pressure on the substrate generating heat through friction (Rodriguez et al., 2001 (Rodriguez et al., , 2003 . This technology takes advantage of the heat generated by friction; that is, voids are formed and disrupted through statistical fluctuations caused by the temperature increment. These populations of voids or vacancies are then occupied by the coating material, whose size varies from 1 to 30 µm. It has been shown (Rodriguez et al., 2003) that after the coating process is carried out a two-phase mixture is formed with properties averaged as a function of the amount, size and distribution of the coating material.
On one hand, like the short time Fourier transform, the wavelet transform is the way of obtaining a representation of time and frequency content of a signal (Stark, 2005) , but in wavelet transform the window function width is dependent on the central frequency. Therefore, for a given analysis function, the best trade-off between time and frequency resolution can be automatically obtained. A wavelet describes a continuous signal in time x(t), through the expansion of coefficients and elements, which are proportional to the internal product between a signal and a prototype function ψ(t), or mother wavelet (Stark, 2005) . The continuous wavelet transform can be then expressed as
where
and s and τ are the scale and translation time respectively. For the discrete wavelet transform, if f(n) is a discrete function, the wavelet transform is defined as (Stark, 2005) :
Where Z is a set of positive integer numbers and ψ j,k is
Here τ and S are defined in accordance with the dyadic scale such that τ = 2j and S = 2jk. These wavelets can be constructed through multiresolution analysis (Weeks, 2007) . The discrete wavelet transform provides a decomposition of a signal into sub-bands-each sub-band contained within a bandwidth that increases linearly with frequency. In this form, discrete wavelet transform can be viewed as a special kind of a spectral analyzer. The simplest global features that can be extracted from this type of system are energy estimates. Spectral features of this type have been used recently to discriminate between various harmonic frequencies. The signal analysis through a system of filters has been used as sub-bands codification for several years. The relationship between filters can be given by
where g [n] is a detailed filter, h[n] is the approximation filter and L is the filter length or total number of points. The sampling and filtering procedure can then be expressed by
The sub-band codification is shown in Figure 2 , where the original signal A 0 is passed through the approximation and detailed filters. Then is subjected to a new sampling procedure and the coefficients A 1 and D 1 are obtained. This decomposition reduces to one-half the time resolution and in consequence reduces to one-half the number of samples of the original signal. The frequency resolution in contrast is doubled since the interval of the frequency bands of the signal is only one-half that of the previous bands (Weeks, 2007) . The signal, at each level, is interpolated between g´[n] and h´ [n] and then added. These functions, called synthesis filters, are similar, except on the time inversion. Thus, the reconstruction equation may be defined as
The reconstruction of the signal is simple, since equation (5) has to be satisfied and the reconstruction procedure is carried out backward. Even though ideal filters cannot be constructed, under specific circumstances it is possible to find the optimum filter to obtain the best possible reconstruction of the signal. Among these are the ones developed by Ingrid Daubechies, which are naturally known as wavelet Daubechies (Stark, 2005) .
The analysis of the signal is carried out by the mother wavelet. In this work, the wavelet employed is the Morlet wavelet. This is a sinusoidal signal modulated by a Gaussian wave. It is characterized for its narrow frequency response, which offers a higher spectral resolution than the Mexican hat wavelet (Stark, 2005) . This wavelet is particularly useful for signal analysis of dynamic systems. The Morlet wavelet is defined as 
where FT, shown in Figure 3 , is defined as (Stark, 2005) follows:
Here, ω 0 is an important factor that generally takes values between 4 and 6. On the other hand, the wearing device was designed based on the ISO 14242, as described by Rodriguez et al. (2006) . Here, the load (1) is applied as shown in Figure 4 , and caused by the prosthesis movement (2) a vibration signal is produced, which is then sensed by the piezoelectric accelerometer manufactured by PCB model ICP 603C01 (3). The accelerometer signal is then amplified by the National Instrument acquisition system DAQPad-6020E (4), and to finally be recorded by the personal computer (5). The acquisition system was set up to measure 5000 samples and the sampling speed was set up to: 15,000 samples/s. This provided a spectral resolution of 3 Hz and a maximum signal frequency of 7500 Hz. As mentioned by Barkov et al. (1995) , bearings can exhibit vibration caused by six kinds of dynamic forces. In addition, random vibration may be due to friction forces at frequencies around 30 kHz, exhibiting low amplitude compared with the vibration encountered in the interval from 2 to 10 kHz. Vibration pulses caused by the sudden contact of metal to metal may be found in the interval from 1 to 10 kHz.
The dynamic response of the bearing formed by the cup and femoral head of hip prostheses with and without DLC coating was assessed. All prostheses were subjected at the same load and velocity conditions. The characteristics of the prostheses evaluated are shown in Table 1 .
The load for the three tests was kept constant at 5 kN and carried out without any lubrication. The trajectory of the prosthesis motion was maintained in accordance to the ISO 14242 and the frequency employed was set up to 3 Hz.
When a vibration signal is obtained from a device, this contains information of all the components of the device. It is common to find an increment of vibration amplitude caused by the natural mode of vibration of the structure or its elements causing the vibration amplitude to increase. This condition when analyzed through the frequency response function (FRF) provides information regarding resonance and excitation forces, thus being an important tool to identify the peaks that are related to a specific phenomenon.
Signal analyses using Fourier transform and fastFourier transform have been excellent options to determine the predominant frequencies of a specific vibration phenomena; nevertheless, these are not able to capture fully transient phenomena. As already mentioned, wavelet analysis has become an interesting tool for signal processing, and therefore we see a variety of applications in the engineering field, such as in the present work. In our work, the graphical representation is three dimensional, having frequency, amplitude and time as coordinate axes. In addition, as an aid to distinguish high from low values, a palette that goes from black for low values, to white for higher values, was implemented.
Results
The vibration signal from the beginning to the end of the three tests in the frequency domain revealed two principal zones that present peaks larger than 0.5 g ( Figure 5 ): (1) A low frequency interval between 0 and 3000 Hz, highlighted by a black square, and (2) an intermediate and high frequency interval between 3000 and 7500 Hz, highlighted by a light gray square. As described by Barkov et al. (1995) , the low frequency interval may be related to misalignment, unbalance, mechanical loosing and gearing. In addition, phenomena such as friction and wear may be identified at frequencies above 3000 Hz.
In the low frequency a FRF analysis showed that no peaks can be found for the wearing device for hip prostheses, and the frequencies regarding unbalance, mechanical loosing can be identified at 250 and 700 Hz (black square in Figure 5 ). For the ALU160, the amplitude of 0.8 g at 250 Hz remains constant throughout the test, but at 700 Hz the amplitude decreases from 0.7 to 0.4 g. In the ALU90 test, at 250 Hz, the amplitude varied from 0.3 to 0.75 g, and at 700 Hz varied from 0.1 to 0.3 g. Finally, for the ALUSIN test, the results showed that the amplitude at 250 Hz increased from 0.7 to 1 g, and at 700 Hz increased as well from 0.3 to 0.4 g. These results showed that, with exception of the ALU160, unbalance and mechanical excitation forces increased from the beginning to the end of the tests, but these could be attributed either to a change of the contact angle, caused by wear between the acetabular cup and the femoral head of the prostheses, or the change of contact angle caused by the self-adjustment of the components. The gearing frequency can be identified approximately at 2000 Hz, and its amplitude was constant for the three tests with a magnitude of 1.1 g.
In accordance to the FRF analysis for the intermediate and high frequency interval (light-gray square in Figure 5 ), three peaks were identified. The first peak appeared at 4900 Hz, and the following two at 5150 and 6700 Hz. These three peaks were related to friction and wear and monitored throughout the tests (Barkov et al., 1995) . Larger amplitude peaks, as can be seen from Figure 5 , are related to the ALUSIN test; nevertheless, a thorough analysis cannot be carried out since the transient information is overlapped in the same graph. The ALU90 test demonstrated that noise with high amplitude is located at 60 Hz ( Figure 6 ). The harmonic attributed to the frequency of contact of gear teeth appeared at 2000 Hz. In this test, the mean amplitude remains constant, indicating that the gearing did not present any failure. On the other hand, at the intermediate and high frequencies, the peaks found at 0.06, 0.1, 0.14 and 0.27 s may be related to moderate wear, since a modulation phenomenon is presented between the frequencies of teeth contact. Light wear can be identified at 6700 Hz, at a time of 0.06 and 0.08 s, and amplitude of 0.3 g.
The acceleration signal for the ALU160 test revealed that noise is found at 60 Hz and in the low zone frequencies, maximum amplitudes that reach values of 0.8 g (Figure 7 ). The signal related to gearing was presented at a frequency of 2000 Hz, which remains with the same amplitude through the whole test. Analysis in the intermediate and high frequencies, peaks on the signal related to light wear were found at a frequency of 4900 Hz. These peaks are found at 0.03, 0.21, 0.22, and 0.23 s, with the corresponding amplitudes of 0.1, 0.3, 0.1, and 0.1 g respectively. A wear-related signal is also found at 6700 Hz with amplitude of 0.1 g and at a time of 0.05 s.
The results for the ALUSIN test were similar to the previous tests; electronic noise was identified at 60 Hz (Figure 8) . At low frequency, the amplitude reaches a maximum value of 1.1 g. For intermediate and high frequency zones, moderate wear is presented at 0.29 and 0.30 s at the frequencies of 5600 and 3900 Hz, and maximum amplitude of 0.2 g. Excessive wear is found in two bands at 5350 and 7150 Hz.
In the above analyses wear was assessed through the monitoring of the lateral bands and amplitude. An alternative way of wear estimating can be carried out through the monitoring of high frequencies. This was done at the monitoring frequency of 6700 Hz for the three tests ( Figure 9 ). It was observed that the ALUSIN test starts at amplitude of 0.4 with a 30° slope, which becomes steeper after 10.6 s. In comparison, for the ALU160 and ALU90, their average slopes are within 15°. Taking as a reference the maximum amplitude reached in the ALUSIN test, which was of 0.75 g, and extrapolating the results of ALU160 and ALU90 along the time coordinate, it can be found that the time required, for these two tests, to reach 0.75 g is 131 hr. This result showed that the prostheses coated with DLC have a larger wear resistance of approximately 315%.
Discussion
The vibration spectral analysis for wear assessment presented in this work was carried in two ways. The first involved a detailed analysis of the transformed signals, either by fast-Fourier transform or the wavelet transform, and the monitoring of the number of bands and their amplitude. The second was carried out by the analysis of the intermediate and high frequencies (Barkov et al., 1995) .
In the first method, no lateral bands different from ±2 times the motor frequency (fm) could be found, and the maximum amplitude of vibration obtained was 0.05 g. For the ALU90, the amplitude at ±2 fm increased 0.2 g. In the ALUSIN test, different bands with respect to ±2 fm are found and the amplitudes found are larger. This showed that as the wear increases, the number of bands increases, as well as the amplitude of vibration.
Regarding the second method, through the monitoring of one band, 6700 Hz, it is possible to observe the behavior of wear as a function of time. It can also distinguish the moment in which the surface in contact starts to fail, that is, when the slope of the curve shows a steep change. Comparisons among the three tests showed that for the coated prostheses to reach the same vibration amplitude as the noncoated one, they should spend 315% more time on the wearing device.
Based on the vibration signal analysis and on the type of friction couple employed, it may be argued that wear on prostheses can be further decreased by the use of DLC thin films. It can also be stated that wavelet transform is an interesting tool to obtain information regarding the physical conditions of the prostheses when they are in use.
